Circular permutation is a powerful tool to test the role of topology in protein folding and function. Previous methods for generating circular permutants were based on rearranging gene elements using restriction enzymes-based cloning. Here, we present a Restriction Free (RF) approach to achieve circular permutation which is faster and more cost-effective.
Introduction
Circular permutation in a protein can be defined as the intramolecular rearrangement of the N and C termini (Meister et al., 2008; Yu and Lutz, 2011; Bliven and Prlic, 2012) . In naturally occurring proteins, such rearrangements have been identified using bioinformatics and structural studies (Cunningham et al., 1979; Lo and Lyu, 2008; Lo et al., 2009) . Although the mechanism of this naturally occurring rearrangement is not clearly understood, it is believed to have evolved through duplication and fission or fusion events (Peisajovich et al., 2006; Weiner and Bornberg-Bauer, 2006) . Over the last two decades, the construction of artificial circular permuted variants has emerged as a tool to explore mechanisms of protein folding and function. In principle, if both N and C termini are close enough in space, it is possible to fuse them and introduce new termini at a different location. The first successful in vitro circular permutation was carried out for bovine pancreatic trypsin inhibitor (Goldenberg and Creighton, 1983) by chemical condensation of the wild type N and C termini, followed by controlled proteolytic cleavage in the surface loop of the protein. However, this method was limited to in vitro studies and a specific site was needed for proteolytic cleavage. Following this pioneering work, many other circularly permuted variants were constructed using conventional molecular biology techniques (Meister et al., 2008; Yu and Lutz, 2011) . At the DNA level, it is easier to introduce a new terminus at any position in the sequence. The first artificial circular permutation using recombinant DNA technology was successfully performed by shuffling between two domains of yeast phosphoribosyl anthranilate isomerase (yPRAI) (Luger et al., 1989 (Luger et al., , 1990 . This process involved the introduction of unique restriction sites in the gene, followed by removal of one domain from the 3′-end and then reinsertion at the 5′-end, thereby leading to the construction of circularly permuted gene. In 1992, Kirschner and coworkers used restriction enzymes to generate circular permutation in dihydrofolate reductase (DHFR) (Buchwalder et al., 1992) by transposing the 3′-terminal half of the coding sequence to its 5′ terminus. Although these methods worked well for specific site, they do not enable to evaluate all possible sites for circular permutation. To achieve that goal, Graf and Schachman developed a new method based on random circular permutation (Graf and Schachman, 1996) . The first step of their method is the restriction digestion with BstEII of an already permuted gene of pyrB, leading to the formation of linear fragments with overhangs at each end which were then circularized through the action of T4 DNA ligase to give predominantly closed and relaxed circular DNA. The circular DNA was then treated with DNaseI in the presence of Mn 2+ resulting in the generation of randomly cut linear molecules with nicks, gaps and staggered ends. T4 DNA polymerase was used to repair the gaps, nicks and overhanging ends. Followed by DNA repair, T4 DNA ligase was used to construct the library of linear randomly permuted DNA molecules containing complete coding sequence. The resulting library of circularly permuted genes was then inserted into an expression vector. Since then, this method has been applied in many other studies to identify the functional variants of proteins such as DsbA , GFP (Baird et al., 1999; Topell et al., 1999) and Candida antarctica lipase B (Qian and Lutz, 2005) . Glockshuber and coworkers (Topell et al., 1999) constructed twenty circularly permuted variants of GFP uv (Crameri et al., 1996; Patterson et al., 1997) using restriction enzyme-based cloning. To achieve their goal, they designed the forward and reverse primers in such a way that each primer contains a KpnI digestion site that is used for ligation and introduction of a 'GSGGTG' hexapeptide that links the N and C termini of wild type. A linear DNA fragment coding for the GFP uv gene was digested with KpnI at both ends and then ligated, thereby forming a circular gene with a linker between N and C termini. The circular gene was then used as a PCR template to construct the twenty circular permutants using specific primer combinations.
All the above-mentioned methods for constructing circular permutants involve the use of restriction enzymes and are, therefore, not very cost-effective and potentially cumbersome. Our aim was, therefore, to develop a faster and more cost-effective method for generating circular permutants that does not involve the use of restriction enzymes.
Over the last two decades, several methodologies have been developed to facilitate DNA cloning. Restriction enzyme-free, ligation-independent and recombinase-based cloning methods have been developed to advance the high-throughput protein expression for the structural and functional studies (For review see Celie et al., 2016) . One of these methods is Restriction Free (RF) cloning which was originally developed for introducing foreign DNA into a plasmid at any predetermined position (van den Ent and Lowe, 2006; Unger et al., 2010; Peleg and Unger, 2014) .
In the RF cloning method, the gene of interest is PCR-amplified using two designed primers each of which contains a target-specific sequence and a 5′ extension that overlaps the desired insertion site in the destination vector. The double-stranded PCR product is used as a set of mega-primers for the second amplification reaction. In this step, each of the DNA strands anneals to the destination vector at the predetermined position and is extended in a linear amplification reaction that leads to the formation of a double-stranded nicked-plasmid. The parental DNA is then removed by DpnI treatment and the newly synthesized plasmid, containing the DNA insert, is then introduced into E. coli cells where the nicked DNA is ligated by endogenous enzymatic activity (Unger et al., 2010) .
This RF cloning procedure has several major advantages, which makes it a highly attractive alternative to other cloning procedures. RF cloning can be performed using any destination vector and the sequence of interest can be inserted at any desired position within the vector. The method allows precise and seamless insertion of the DNA insert without any additional unnecessary sequences. The reaction is fast, highly efficient and is suitable for high-throughput cloning. The RF platform, in contrast to other methods, does not require pre-treatment of the destination vector by restriction and modification enzymes. In addition, the RF procedure circumvents the need for expensive commercial kits (Unger et al., 2010) .
Knowing the advantages of the RF cloning method, we wanted to apply this technique in the case of circular permutation. For this purpose, we chose eGFP since sites for successful circular permutation were identified previously by Glockshuber and coworkers (Topell et al., 1999) . In our method, the circularization of the gene of interest can be achieved simply by constructing a PCR fragment that is 5′-phosphorylated at any termini, followed by self-ligation (Fig. 1A ). The circular gene is then used as a template for the construction of circular permuted variant using the RF cloning method (Fig. 1B) . In this way we are able to eliminate the usage of restriction enzymes throughout the process and to establish a highly efficient cloning process.
Methods, results and discussion
For DNA cloning and plasmid preparation procedures, E. coli DH5α cells (Agilent Technology, Stratagene division, Santa Clara, CA) were used. For cloning experiments, the expression vector pET28a (Novagen/ EMD Millipore Chemicals, Darmstadt, Germany) was used as a destination vector. The PCR amplifications and subsequent RF reactions were carried out using Phusion high fidelity thermostable DNA polymerase, 5 × Phusion HF buffer and dNTPs set (Fermentas/Thermo Fisher Scientific, Glen-Burnie). T4 DNA ligase was ordered from Fermentas/Thermo Fisher Scientific, Glen-Burnie. Synthetic primers were ordered from Sigma Aldrich, Israel. PCR extraction and plasmid purification were carried out using the QIAquick PCR purification kit and QIAPREP spin Miniprep kit, respectively (QIAGEN GmbH, Germany).
The first step in this method is the fusion of N and C termini of the wild type eGFP gene. The 'GSGGTG' linker (Topell et al., 1999) was chosen to fuse the wild type termini. To introduce the linker sequence connecting both ends of the eGFP gene, a forward primer, eGFP_Nterm_linker_F, and a reverse primer, eGFP_Cterm_linker_R (5′-end phosphorylated), were designed (Table I) . Primer design is the most crucial part of our method. These two primers were designed in such a way that each primer contains the half of the linker coding sequence at the 5′ end and gene-specific part near the 3′ end (Table I) . 5′-end phosphorylation of either of these primers is needed for ligation using T4 DNA ligase. Instead of ordering primers with 5′-end phosphorylation, T4 polynucleotide kinase can be used to phosphorylate the PCR fragment (Fig. 1A, II) .
The linker part was introduced at both ends of the eGFP gene by PCR using the plasmid pET21a containing the eGFP gene (Fig. 1A, I ) as template and the following primers: eGFP_Nterm_linker_F and eGFP_Cterm_linker_R (5′-phosphorylated). The reaction setup and the program were used as described before (Peleg and Unger, 2014) . The PCR conditions were as follows: a single denaturation step (95°C, 1 min) was performed followed by 25 cycles of: denaturation (95°C, 30 s), annealing (60°C, 1 min) and elongation (72°C, 1.5 min), and a final elongation step of 6 min at 72°C. PCR were performed using 0.2 ml PCR tubes in a final volume of 50 μl including the following components: 20 ng of template DNA (the plasmid pET21a containing eGFP gene), 0.5 μM of each primer (forward and reverse), 200 μM of each dNTPs, 1 × Phusion buffer and 1.6 U of Phusion DNA polymerase. Following completion of the PCR reaction, the aliquots of 2-3 μl was analyzed on a 1% agarose gel ( Fig. 2A) , which matches with the desired length in the gel (732 bp). This resulting PCR product is the 5′-phosphorylated linear eGFP gene flanked by linker coding regions at both ends (Fig. 1A, II) . The remaining PCR product was then subjected to DpnI treatment for 1h at 37°C, followed by purification. This was then subjected to ligation using T4 DNA ligase at 25°C for 30 min. The resulting ligation product is the circular DNA of eGFP gene in which the N and C termini are fused by hexapeptide linker (Fig. 1A, III) . This circularization step differs from the previous method (Topell et al., 1999) in which a restriction enzyme was used before ligation.
The circular eGFP gene with the linker was used as PCR template to introduce new termini in the eGFP gene using primers designed for site-specific circular permutations (Fig. 1B) . The positions D117-G116 and Y145-N144 were chosen to introduce new termini in the eGFP gene (Topell et al., 1999) . The circularly permuted eGFP genes with new termini at positions D117-G116 and Y145-N144 were named as 'cpGFP117-116' and 'cpGFP145-144', respectively. For the introduction of new termini at the abovementioned positions, forward and reverse primers were designed which consist of gene-specific part at the 3′ end and vector-specific part (27-28 bp) at the 5′ end (Table I ). The vector-specific sequences in both primers determine the site-specific integration sites into the destination vector using the RF cloning (van den Ent and Lowe, 2006; Unger et al., 2010; Peleg and Unger, 2014) .
A similar PCR setup and program were used as described above. In this reaction, 5 μl of the ligation mixture (10-12.5 ng of circular DNA) was added to reach the final concentration of 0.2-0.25 ng/μl. Following completion of the PCR reaction, the aliquots (2-3 μl) from each reaction were analyzed on a 1% agarose gel (Fig. 2B) . As seen from the gel, the quality and the concentration of the linear PCR products were good enough to proceed further. The two PCR products were then purified. The resulting products are the linear genes of eGFP variants which contain new termini along with vector-specific sequences flanking at both ends (Fig. 1B, IV) . The vector-specific part contains the start and stop codons which are needed to complete the coding frame of newly synthesized circularly permuted proteins. This PCR product was used further as megaprimer for cloning into the destination vector pET28a. In this step, the RF cloning protocol was used to construct this plasmid. The RF reaction was as follows (Unger et al., 2010) : a single denaturation step (95°C, 30 s) was performed followed by 30 cycles of: denaturation (95°C, 30 s), annealing (60°C, 1 min) and elongation (72°C, 5 min), and a final elongation step of 7 min at 72°C. RF reactions were performed using 0.2 ml PCR tubes in a final volume of 50 μl including the following components: 20 ng of target DNA of pET28a, 150 ng of PCR product (mega-primers), 200 μM of each dNTPs, 1 × Phusion buffer and 1.6 U of Phusion DNA polymerase. Following completion of the RF reaction, parental plasmid DNA was removed by DpnI treatment (10 μl aliquot of the reaction) for Table I . The list of the primers used. Gene-specific parts are marked in bold. First PCR refers to steps I and II in Fig. 1 and the DNA sequence in italics, in each primer, represents half of the linker sequence. In the case of circular permutation, the sequence underlined in each primer represents the vector-specific part
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1 h at 37°C. The DpnI treated reaction mixture was then directly transformed into competent E. coli DH5α cells. It is possible to further facilitate the cloning process by using the principle of Transfer PCR (TPCR) (Erijman et al., 2011 (Erijman et al., , 2014 , where both the PCR amplification and cloning will take place in a single tube. In order to screen for positive clones, colony PCR was performed using T7 and pETRev primers. The PCR condition was followed as described before (Unger et al., 2010) . The PCR products were analyzed on 1% agarose gel to verify that the DNA product obtained is of the correct size (data not shown). The individual positive colonies were selected and plasmids were isolated and then sent for sequencing. The plasmid with correct sequence is the newly synthesized desired site-specific circularly permuted construct of eGFP (Fig. 1B, V) . Using this method, we have so far constructed, expressed and purified five circularly permuted variants of eGFP, two of which are mentioned in this report.
In summary, a new approach to achieve circular permutation, which involves a smaller number of steps compared to other methods, was developed. The first step of our method is the circularization of the gene of interest using T4 DNA ligase. If needed, the ligation efficiency can be increased by adding polyethylene glycol (PEG 4000) or incubating overnight at 16°C. The next step involves the PCR amplification, followed by RF cloning. The major limitation of this RF cloning approach is that the total size of insert and vector is limited to~15 kbp, although larger constructs can be made at a lower efficiency (van den Ent and Lowe, 2006) . For the larger constructs (>15 kb), it might be necessary to optimize the reaction conditions by increasing the elongation time, applying gradient PCR and testing different thermostable-proofreading polymerases.
Other cloning methods (Celie et al., 2016) can be used as alternative to RF cloning. Two such alternatives are the Gibson assembly (Gibson et al., 2009 ) and the In-Fusion™ system (Benoit et al., 2006) , which are based on the generation of single-strand overhangs of the vector and the insert. Both Gibson Assembly and the In-Fusion Cloning Kit can be used for larger constructs (>15 kb). In the abovementioned methods, as well as in most other cloning approaches, the destination vector must be linearized either by PCR or by restriction endonucleases. By contrast, the RF method does not require any pretreatment of the destination vector and the use of commercial kits and restriction enzymes. Fig. 2 Analysis of the PCR reaction products. 1% agarose gel was used for analysis of the (A) PCR product following amplification of the eGFP gene with linker sequence at both ends and (B) the linear products of two rearranged genes of eGFP flanked with vector-specific regions. 117-116 and 145-144 represent the positions of the new termini introduced in these rearranged genes. 'M' stands for DNA molecular weight markers.
